To understand the molecular determinants of measles virus (MV) virulence, we have used the SCID-hu thymus/liver xenograft model (SCID-hu thy/liv) in which in vivo MV virulence phenotypes are faithfully duplicated. Stromal epithelial and monocytic cells are infected by MV in thymus implants, and virulent strains induce massive thymocyte apoptosis, although thymocytes are not infected. To determine whether passage of an avirulent vaccine strain in human tissue increases virulence, we studied a virus isolated from thymic tissue 90 days after infection with the vaccine strain Moraten (pMor-1) and a virus isolated from an immunodeficient child with progressive vaccine-induced disease (Hu2). These viruses were compared to a minimally passaged wild-type Edmonston strain (Ed-wt) and the vaccine strain Moraten. pMor-1, Hu2, and Ed-wt displayed virulent phenotypes in thymic implants, with high levels of virus being detected by 3 days after infection (10 5.2 , 10 2.8 , and 10 3.4 , respectively) and maximal levels being detected between 7 and 14 days after infection. In contrast, Moraten required over 14 days to grow to detectable levels. pMor-1 produced the highest levels of virus throughout infection, suggesting thymic adaptation of this strain. Similar to other virulent strains, Ed-wt, Hu2, and pMor-1 caused a decrease in the number of viable thymocytes as assessed by trypan blue exclusion and fluorescence-activated cell sorter analysis. Thymic architecture was also disrupted by these strains. Sequence analysis of the hemagglutinin (H) and matrix (M) genes showed no common changes in Hu2 and pMor-1. M sequences were identical in pMor-1 and Mor and varied in H at amino acid 469 (threonine to alanine), a position near the base of propeller 4 in the propeller blade/stem model of H structure. Further study will provide insights into the determinants of virulence.
Measles virus (MV) infects 30 million children and causes one million deaths worldwide each year as estimated by the World Health Organization (5) . Despite its tremendous impact on public health, little is known about the regulation of MV growth or the determinants of virulence in vivo. To identify molecular determinants of MV growth in vivo, we previously employed a targeted molecular approach to examine the role of known noncoding regions and genes which have been postulated to be important for MV replication in vivo but are unnecessary for MV growth in Vero cells (26) . The genetic characterization of isolates of live attenuated (LA) vaccine strains which appear to have reverted to a more virulent phenotype provides a second strategy for the identification of new determinants of MV growth in vivo. Such reversions might occur during prolonged replication of LA vaccines in human tissues.
The widely used LA vaccine strains Moraten and Schwarz were derived from the first licensed LA measles vaccine, Edmonston B, by further attenuation in chicken embryo cells at low temperature (7, 22) . The Moraten and Schwarz strains are highly genetically related, reflecting their common ancestry and similar passage history, and they are safe and effective for most children (7, 21, 22) . Their use has dramatically reduced the incidence of measles, from over 100 million cases in the prevaccine era to approximately 31 million cases in 1997 (5) .
However, fatal infections have been documented in immunodeficient children vaccinated with these strains (1, 12, 14, 15) . The symptoms of infection occur many months after immunization, and the viruses isolated are similar to the original LA vaccine (1, 15) , suggesting that in the absence of an effective host immune response, persistent infection with the vaccine strain can lead to fatal disease. Viruses isolated from these children could potentially represent virulent revertants of the original LA vaccine.
The growth of LA vaccines in an experimental model of human thymus engrafted in immunodeficient mice could also potentially result in readaptation and virulent reversion. In this model, human fetal thymus and liver are implanted under the renal capsule of a mouse with severe combined immune deficiency (SCID-hu thy/liv). Engraftment of these tissue fragments leads to the development of a structurally and functionally normal thymus, which can survive for up to 8 months (17) . MV growth is restricted to engrafted human thymus, since murine cells are not productively infected by MV (29) . The cell types infected by MV include thymic stromal epithelial cells, monocytes, and macrophages (2). Thymocytes are not infected, but MV replication within the implant leads to bystander thymocyte apoptosis (2) .
In vivo virulence phenotypes are faithfully duplicated in the SCID-hu thy/liv model. Patient isolates grow to high titer within 7 days after infection, but LA vaccine strain growth is delayed (2) . Little virus is detected after the first 2 weeks of LA vaccine infection, and large amounts of virus are produced by 1 month (2). Whether the virus growing at later times is a virulent revertant is unknown, but the absence of an effective antiviral B-or T-cell response in the SCID-hu thy/liv implant might allow prolonged LA MV replication, increasing the probability of isolating strains which grow efficiently in human cells, in a manner similar to that occurring in patients with immunodeficiency syndromes.
Prior to pursuing the genetic characterization of potential virulent revertants, we investigated whether such phenotypic reversion occurs. In these studies, we have characterized an MV strain recovered after prolonged growth of Moraten in a thy/liv implant (pMor-1 [passaged Moraten]) and have investigated whether Hu2, an MV strain isolated from a child with congenital immunodeficiency who died of disseminated measles after immunization with the Schwarz vaccine (12), has enhanced virulence in thy/liv implants. Both strains showed increased virulence in the thy/liv model. The identification of genetically related strains that differ in virulence provides a basis for the elucidation of sequences that govern MV virulence.
MATERIALS AND METHODS
Viruses and cells. Stocks of MV strains Ed-wt, Moraten, and Hu2 were prepared and subjected to titer determination in Vero cells (American Type Culture Collection [ATCC], Manassas, Va.). Ed-wt is a minimally passaged derivative of the original Edmonston isolate (less than 15 passages in human kidney and Vero cells). Moraten and Schwarz (from which Hu2 was derived) were obtained by growth of the original Edmonston isolate in human kidney and amnion cells for more than 50 passages (Edmonston-Enders strain) followed by further passage in chicken embryo intra-amniotic cavity and fibroblasts (20) . After its original isolation, Hu2 was passaged in Vero cells (19) . These strains were propagated in Vero cells for one or two passages prior to use in these experiments.
pMor-1 was obtained by coculturing B95-8 marmoset B lymphoblastoid cells (ATCC) in complete RPMI (10% fetal calf serum, 2 mM glutamine, 12.5 mM HEPES, 50 g of gentamicin per ml [Life Technologies, Grand Island, N.Y.]) with a homogenate prepared from a single thy/liv implant harvested 90 days after infection with a Vero-passaged Moraten strain. B95-8 cells were selected for isolation since in vivo virulence is preserved after growth on these cells while passage through Vero cells results in a loss of virus pathogenicity in vivo (25) . Infected B95-8 cells were maintained in complete RPMI until syncytium formation, indicative of MV cytopathic effect, was observed. The virus titer of this primary stock was determined by syncytial assay. Serial dilutions of the primary stock were made in complete RPMI. Dilutions were incubated with 10 5 B95-8 cells in triplicate in 96-well plates for three days at 37°C. The 50% tissue culture infective dose per milliliter was calculated by the Karber method (11) .
A stock of pMor-1 for use in thy/liv infections was prepared in fresh human cord blood mononuclear cells (CBMCs) from births that were not complicated by perinatal or prenatal infection. CBMCs were purified by density gradient centrifugation with Ficoll-Hypaque (Pharmacia, Piscataway, N.J.). The cells were maintained at a density of 5 ϫ 10 6 to 1 ϫ 10 7 cells/ml in complete RPMI containing 5 g of phytohemagglutinin (PHA; Sigma, St. Louis, Mo.) per ml with a daily change of medium. Infected CBMCs were harvested at the time of maximal cytopathic effect, lysed by two freeze-thaw cycles, and centrifuged at 300 ϫ g for 10 min at 4°C to remove cell debris. The virus titer of the supernatant fluid was determined by measurement of the 50% tissue culture infective dose per milliliter on B95-8 cells as described above and by measurement of plaque formation on Vero cells.
Infection of thy/liv implants. thy/liv implants were engrafted under the renal capsule of male homozygous CB-17 scid/scid mice as previously described (17) . For infection, the mice were anesthetized with Metofane, the left kidney was dissected, and each implant was inoculated directly with 1,000 PFU of virus. At the time of inoculation, implants were of variable size, but this difference was not greater than twofold by visual inspection. At harvest, the mice were sacrificed and the left kidney was removed en bloc. Implants were divided into thirds for plaque assay, cell counts, and histologic testing. For the plaque assay and cell counts, the implants were dissected away from the underlying kidney. For histologic analysis, the kidney tissue was not removed.
Virus growth in thy/liv implants. MV growth was assessed by a plaque assay of thy/liv homogenates on the day of harvest, as previously described (26) . Infected Vero cell monolayers were stained directly with neutral red or fixed with 9% formaldehyde-phosphate-buffered saline (PBS) and stained with 1% crystal violet. Student's t test was used to assess the statistical significance of differences in virus titers (StatView software; SAS Institute, Cary, N.C.).
Virus growth in cell lines. B95-8 and Vero cells were infected at a multiplicity of infection of 0.1. Virus growth was assessed by measurement of plaque formation on Vero cell monolayers. Each sample was assayed in triplicate, and virus production was recorded as the average of these three values.
Thymocyte cell number and fluorescence-activated cell sorter analysis. Thymocyte viability was assessed by using a suspension of thymocytes obtained by disrupting one-third of each implant gently between two glass slides into PBS-2% fetal calf serum. Debris was removed by filtration through a 30-mpore-size nylon filter (SpectraMesh; Spectrum, Houston, Tex.). Cell viability was assessed by trypan blue exclusion and by analysis of forward-and side-scatter patterns in flow cytometry with FACSCaliber instrumentation (Becton Dickinson, Mountain View, Calif.) and CellQuest software (Becton Dickinson).
Thymus histology. For histologic analysis, one-third of each implant with underlying kidney was fixed in 4% paraformaldehyde-PBS for 24 to 72 h and embedded in paraffin. Sections (4 m) were cut from paraffin blocks and stained with hematoxylin and eosin. Light microscopy and photomicrography were performed with Nikon Eclipse instrumentation.
Sequence analysis of pMor-1. RNA was prepared by the guanidinium thiocyanate technique from a Vero cell monolayer infected with pMor-1. cDNAs of MV matrix (M) and hemagglutinin (H) mRNAs were synthesized with Moloney murine leukemia virus reverse transcriptase and amplified by PCR. Amplified fragments were sequenced directly in both directions by the Sanger technique with primers spaced at 400-to 500-base intervals as previously described (19) . H amino acid sequences were aligned by using CLUSTALW (5a) and BOX-SHADE (7a) programs.
RESULTS
Isolation of a virulent vaccine-derived MV strain from a thy/liv implant. thy/liv implants infected with attenuated vaccine strain Moraten were assessed for 90 days after infection. Replicating virus first emerged from Moraten-infected implants after 7 to 21 days (2). At 7 and 14 days postinfection, virus growth was detectable in a few implants, but by 21 days, virus was detected in all infected implants (data not shown) and virus titers increased through 35 days (2) . A single implant was harvested 90 days after infection, and no infectious virus was detectable by plaque assay after incubation for 5 days (data not shown), but longer cocultivation with B95-8 cells eventually resulted in virus isolation (pMor-1) as described below. Trypan blue exclusion demonstrated that a large number of thymocytes were present through 35 days after infection with Moraten, when large amounts of virus were produced (2) . However, between 35 and 90 days after infection, the numbers of viable thymocytes decreased 100-fold (data not shown).
Histologic analysis demonstrated that the architecture of Moraten-infected implants was undisturbed and comparable to that of mock-infected implants 35 days after infection (Fig. 1A and B). The extent of thymic lobulation in these two implants was within the normal range of histologic variation for thy/liv implants. No evidence of viral cytopathic effect was seen at high magnification (data not shown). In contrast, by 90 days postinfection, the Moraten-infected implant sampled was hypocellular (Fig. 1C) , suggesting the emergence of a more virulent strain of Moraten capable of causing thymic damage, although normal implant involution could not be excluded. To investigate the presence of a more virulent strain, a portion of this implant was cocultured with B95-8 cells, and MV cytopathic effect was evident after 30 days (four blind passages).
We have observed an increase in virus production 35 days after Moraten infection in six implants in two separate experiments (Fig. 2) (2) , suggesting that many passaged Moraten strains could potentially be recovered. To date we have attempted to isolate virus from a single Moraten-infected implant harvested after 90 days. This virus was designated pMor-1 (for passaged Moraten-1).
Growth of vaccine-derived MV strains in SCID-hu thy/liv implants. To assess whether the vaccine-derived strains pMor-1 and Hu2 have virulent phenotypes in vivo, the growth of these strains in thy/liv implants was compared to that of Moraten and Ed-wt. Low levels of virus were detected 14 days after infection in Moraten-infected implants (Fig. 2) , but virus production increased from 14 to 28 days as observed previously (2) . Ed-wt grew more rapidly, producing 100-fold more virus 3 days after infection (P ϭ 0.001) and reaching peak levels that were approximately 1,000-fold greater than those of Moraten between 7 and 14 days after infection (P ϭ 0.01). After 14 days of infection, Ed-wt virus production declined, presumably due to the virus-induced death of susceptible cells. The kinetics of replication of vaccine-derived virus strains pMor-1 and Hu2 were similar to that of Ed-wt, with virus being detected by 3 days and peak virus production 7 to 14 days after infection. thy/liv implants infected with Hu2 and Ed-wt produced similar amounts of virus. pMor-1-infected implants produced 10-to 100-fold more virus than did Hu2-and Ed-wt-infected implants (P ϭ 0.04 and 0.03, respectively) and 10,000-fold more virus than did Moraten-infected implants (P ϭ 0.02) in the first 14 days after infection. It is unlikely that this difference in virus production was due to implant variability, since implant sizes varied at most twofold. Similar to other virulent viruses (2, 26), pMor-1 and Hu2 replication declined after 14 days.
Effect of vaccine-derived strains on implant thymocytes. To investigate the effect of infection with the vaccine-derived strains on thymocyte survival, thymus cells were collected at various times after infection. Viability was assessed by light microscopy with trypan blue exclusion and by flow cytometry with forward-and side-scatter analysis. Fourteen days after infection, numbers of viable cells declined 5-fold in Ed-wtinfected implants, 10-fold in pMor-1-infected implants, and 30-fold in Hu2-infected implants (Fig. 3A) . Forward-and sidescatter plots showed a reduction of events in the mononuclear cell region and an increase in cell debris in implants infected with these three MV strains (Fig. 3B) . In contrast, 14 days after Moraten infection, the number of viable thymocytes had not decreased significantly and cell populations in forward-and side-scatter plots were comparable to those for mock-infected implants (Fig. 3) . Between 14 and 35 days after infection, thymocyte numbers continued to decline in Ed-wt, Hu2, and pMor-1-infected implants. Thymocyte numbers in Morateninfected implants also began to decline at this time (Fig. 3A) .
Effect of vaccine-derived MV strains on implant architecture. The replication of virulent MV strains results in implant hypocellularity with loss of medullary and cortical thymocytes due to virus-induced thymocyte apoptosis. To determine whether the replication of vaccine-derived strains induced similar disruption of implant architecture, the histologic appearance of infected implants was assessed by hematoxylin-and-eosin staining. Seven days after infection with Ed-wt, Hu2, and pMor-1, small foci of pyknotic thymocytes were observed (data not shown). Medullary zones of infected implants contained a larger number of pyknotic foci than did cortical zones. The architecture of mock-and Moraten-infected implants was preserved after 28 days, with densely cellular cortex and less cellular medullary zones characteristic of intact thymus ( 
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on October 14, 2017 by guest http://jvi.asm.org/ and B). At higher magnification, a small number of pyknotic thymocytes were found in the medullary zone of one of three Moraten-infected implants. Pyknotic medullary thymocytes were not observed in mock-infected implants. Marked implant hypocellularity was found 14 days after infection with Ed-wt, Hu2, and pMor-1 ( Fig. 4C to E) . Loss of cortical and medullary thymocytes was observed, but Hassall's corpuscles were still present. At 35 days after infection with pMor, implant architecture was entirely disrupted ( was studied. Hu2 and Vero-passaged Moraten strains produced 10 to 300 times more virus than did Ed-wt and pMor-1 24 h after infection of both cell types ( Fig. 5A, B ; P Ͻ 0.01 for all datum points). Virus production by all four strains was similar by 48 h after infection.
Sequencing of pMor-1 M and H genes. Previously reported sequence analysis of Hu2 demonstrated nucleotide substitutions resulting in significant amino acid changes in the M and H proteins compared to Schwarz (6, 19) . Therefore, the M and H genes of pMor-1 were sequenced to assess whether similar changes were associated with phenotypic change. Direct sequencing of amplified products from RT-PCR indicated no nucleotide changes in the M gene and a single nucleotide substitution (A to G) at nucleotide 427 in the H gene, resulting in a change from a threonine to an alanine at residue 469, that was not present in Hu2 (Table 1) .
DISCUSSION
To determine whether in vivo passage of vaccine strains of MV alters their virulence and to begin to elucidate the determinants of MV growth and virulence in vivo, we have studied the growth of vaccine-derived virus strains pMor-1 and Hu2 in thy/liv implants. These viruses had lost the attenuated Moraten phenotype and grew with kinetics similar to Ed-wt, the minimally passaged parent of the Moraten and Schwarz vaccine strains. thy/liv implant infection with pMor-1 and Hu2 resulted in high levels of virus production, suggesting that prolonged growth of live attenuated MV vaccine in human tissue selects for a virus adapted to grow in human tissues in vivo. Our data suggest that the adverse outcomes associated with immunization of patients suffering from congenital and acquired immunodeficiency syndromes are due to the emergence of an MV strain with increased virulence in a host unable to mount a sufficient immune response to clear the originally inoculated vaccine virus. This situation is mimicked in the SCID-hu mouse. Sequence analyses of pMor-1 H and M and other isolates derived from immunodeficient patients demonstrate that these human tissue-passaged vaccine isolates are highly related to parent vaccine strains (1, 15) .
Implants infected with pMor-1 produced higher levels of virus than did those infected with Ed-wt and Hu2. The difference in the level of virus production might be a consequence of adaptation to growth in thymus by pMor-1 and/or the different passage history of these three strains. To prevent the attenuation which occurs after passage in Vero cells (25) , pMor-1 was grown in B95-8 cells and human CBMCs while Hu2 and Ed-wt were obtained as Vero-passaged isolates. The effect of passage on virus virulence in the SCID-hu thy/liv model is not yet definitively known. We have observed a variable effect of Vero passage on MV growth in SCID-hu thy/liv implants. A minimally passaged patient isolate (Chi-89) produced peak levels of virus (10 5.5 PFU/third of implant) 3 days after infection, similar to pMor-1 (2), while a molecular clone prepared from the original Edmonston isolate after many passages in Vero cells grew more slowly (peak on day 7) (26) .
Models for studying the virulence of this human pathogen are limited. MV RNA and proteins are present following infection of transgenic mice expressing CD46; however, replicating virus has not been recovered (4, 16, 18) . Monkeys are susceptible to MV and develop viremia, disease, and immune responses similar to infected humans (13, 27) ; however, minimal viremia occurs in monkeys infected with vaccine virus isolates derived from immunodeficient children with progressive disease (3). Therefore, immunocompetent monkeys do not appear to discriminate differences in virulence as effectively as the SCID-hu thy/liv model does. The SCID-hu thy/liv implant is particularly suitable for the study of MV virulence, since it T  T  T  T  T  183  A  55; I3F  -c   --T  -371  C  117; F3L  --A  --651  A  211; S3G  G  G  G  G  G  1427  A  469; T3A  ----G  1461  A  481; N3Y T  T  T  T  T  1656  G  546; G3S  A  A can discriminate such differences and can be used to isolate closely related, phenotypically different strains.
Infection of implants with pMor-1, Hu2, and Ed-wt resulted in high levels of thymocyte death and disruption of implant architecture. Interestingly, the level of virus production in thy/ liv implants did not correlate precisely with the kinetics of thymocyte death. pMor-1 produced more virus than Hu2 and Ed-wt in the first 7 days of infection, but the rate of thymocyte loss was equivalent in implants infected with these three strains. These data suggest that factors other than the level of viral replication play a role in MV-induced thymocyte death, as was suggested by growth of a recombinant mutant strain which fails to express the V nonstructural protein. Implants infected with this strain produced large amounts of virus, but minimal thymocyte death occurred (26) .
The rates of growth of vaccine-derived strains in cell culture were different from those observed in thy/liv implants. Hu2 and Moraten grew faster than pMor-1 and Ed-wt did. These growth kinetics appear to reflect the adaptation of these strains to tissue culture cells, since Hu2 and Moraten have been more extensively passaged in Vero cells than pMor-1 and Ed-wt.
We have previously demonstrated that expression of the C gene, V gene, and 5Ј noncoding region of the F gene is required for efficient MV growth in the thy/liv implant (26) . The isolation of a virulent virus after prolonged growth in human tissue will allow us to identify additional determinants of virulence. The molecular basis of pMor-1 and Hu2 virulence is unknown. The single nucleotide change in the pMor H gene is predicted to result in the substitution of an alanine for a threonine which is conserved in the H genes of over 140 different measles strains listed in GenBank. A change at position 469 (also an alanine) was found in only one other MV strain, Philadelphia 26. This site could potentially interact with the MV receptor CD46, since it is predicted to lie in a ␤-sheet on the external surface of H, according to a predicted structure derived by sequence alignment and molecular modeling (9) . Amino acid residues nearby are required for various H protein functions. A tyrosine (Y) nearby at position 481 is critical for the binding of MV Edmonston H to CD46 (8) . Y481 and an additional amino acid (valine at position 451) are also important for downregulation of CD46 expression, hemadsorption, and HeLa cell fusion (10) .
Virulence determinants may also lie in regions other than the H and M genes. Sequence changes in H, P/C/V, and L have been detected in an MV strain that lost its pathogenicity in cynomolgus monkeys after passage in Vero cells (25) , and sequences within L are important for the attenuation of the paramyxoviruses respiratory syncytial virus and parainfluenza virus 3 (23, 24, 28) . Continued investigation with the SCID-hu thy/liv model and sequence characterization of phenotypically different, genetically related strains will improve our understanding of the molecular basis of MV virulence.
